Leishmaniasis is a vector-borne disease caused by Leishmania parasites, which cause a range of clinical manifestations in man. These are didactically classified into cutaneous leishmaniasis (CL), the most common form of the disease, and visceral leishmaniasis (VL), the life-threatening form. There are so far no vaccines approved for humans. Conventional drugs pose limitations ranging from low efficacy and high cost to systemic toxicity. Low efficacy derives in part from difficult drug access to the parasites, which rides themselves inside macrophage phagosomes. This prompts to high dosage, with consequent increased toxicity. Difficult intracellular drug access can be overcome with nanomedicines such as biocompatible lipid and polymeric nanoparticles that can be phagocytosed by the infected macrophages. Besides cell membranes, appropriate drug nanostructuring may allow tissue barrier penetration and drug administration through higher compliance routes such as skin and intestine, in contrast to the usual intravenous and intramuscular routes. In general, CL and VL are both treated with toxic systemic injections, disregard of disease severity. This chapter will review and discuss studies with nanomedicines that have reached the market such as liposomal amphotericin B for intravenous administration, and innovative preclinical studies aiming at developing effective cutaneous and oral drugs with focus on CL.
Introduction
Leishmaniasis is a complex of neglected tropical diseases (NTDs) caused by intracellular protozoans of the genus Leishmania, transmitted to humans and other animals by the bite of infected female phlebotomine sand flies. Once in the vertebrate skin, the flagellated promastigote forms are phagocytosed by local macrophages. Once inside macrophage phagolysosomes, the parasites survive enzyme digestion, transform into amastigote forms and multiply. Dermotropic parasite species causing cutaneous leishmaniasis (CL) remain in the skin, whereas viscerotropic species causing visceral leishmaniasis (VL) migrate to deeper macrophage-rich organs such as liver, spleen, and bone marrow.
Although not fatal as VL, CL is the most common form of leishmaniasis and a serious public health problem. According to the World Health Organization (WHO) estimates, CL is endemic in 87 countries, with almost 200,000 new cases reported in 2015 [1] . From 2005 to 2013, CL-associated morbidity increased by 175% of disability-adjusted life years (DALYs) [2] . The impact of CL may be much greater considering the high under-reported cases and estimation that one fourth of the world population (1.7 billion people) live in area at risk of infection [3] . In addition, inadequate disease control may promote the progression of CL to more morbid and undefined subforms, such as diffuse CL and mucosal leishmaniasis (ML).
In the great majority (>90%) of cases worldwide, CL is of the uncomplicated type, with 1-4 localized skin ulcers, not larger than 3-4 cm diameter, with a raised border and central depression [4] . Even with localized manifestation, current treatment is normally based in the daily administration of intramuscular or intravenous injections with antimonials, pentamidine, or amphotericin B for 20-30 days. Besides limited to few drugs, and occurrence of drug resistance, available CL treatment produces unacceptable systemic toxicity [5] .
Ideally, CL chemotherapy as proposed by Drugs for Neglected Diseases initiative (DNDi)
should be efficacious against all species, compatible in combination therapy, safe in pregnant and breastfeeding women, and administered by oral or topical route [6] . However, oral and topical therapies have shown limited efficacy.
The major challenge in CL treatment is the preferred intracellular parasite location in macrophage phagolysosomes. That hinders drug access, making treatment with conventional formulations especially difficult [7] . Thus, the search for new drugs with different mechanisms of action and innovative forms of drug delivery systems appropriate for the effective treatment of CL is urgently needed. In that context, nanotechnology has emerged as an interesting strategy to increase drug potency and reduce toxicity. Nanotechnology consists of the development of systems, structures, or devices in the nanometric scale, presenting at least one novel/superior characteristic or property over the original [8] . The use of nanostructured particles for drug delivery is a promising strategy due to their versatility. Besides, they may: (i) protect the drug against physical, chemical, and/or enzymatic degradation, (ii) enhance the pharmacokinetic properties, and (iii) improve bioavailability. They may also be functionalized for drug release at a specific site and thereby reduce systemic toxicity [7] . Furthermore, leishmaniasis is a particularly interesting disease to be treated with drug-loaded nanoparticles since the parasites almost exclusively infect the highly phagocytic macrophages. In this way, the infected cells of the skin (CL) or deep organs (VL) take up the nanoparticulated drug, which will reach the parasitophorous vacuole and act directly on the parasite (Figure 1) . This allows the drug to reach an effective intracellular concentration, allowing dose and toxicity reduction. Particle uptake may be further increased with surface functionalization with receptor-binding ligands like mannose or mannan [9] .
Interest in designing nanomedicines for CL has grown over the years, as seen by the steady increase in scientific publications. Several nanosystems, such as liposomes [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , solid lipid nanoparticles [21, 22] , lipid complexes [23, 24] , lipid-core nanocapsules [25] , polymeric particles [26] [27] [28] [29] [30] [31] , inorganic nanoparticle [32] [33] [34] [35] , cyclodextrins complexes [36, 37] , and drug nanoparticles [38] have been tested in vivo by different routes in experimental mouse and hamster models to improve CL treatment as summarized in Nanomedicines for Cutaneous Leishmaniasis http://dx.doi.org/10.5772/intechopen.75750amphotericin B has been approved for human leishmaniasis so far, but that is restricted to VL and the more severe mucosal form of CL. Additional studies and clinical trials are needed to validate the potential of those experimental nanomedicines in human CL.
Advances and challenges of nanotechnology use in leishmaniasis treatment, especially for VL, have been extensively reviewed recently [7, 39, 40] . Here, we attempted to identify some of the opportunities and challenges of using nanotechnology to improve CL treatment. For that, mainly in vivo studies were considered. Note: Chalcone DMC -2',6'-dihydroxy-4'-methoxychalcone; Chalcone CH8 -3-nitro-2'-hydro-4',6'-dimethoxychalcone; DMSA -dimercaptosuccinic acid; DSHemsPC -1,2-distigmasterylhemi-succinoyl-sn-glycero-3-phosphocholine; PADRE -pan DR-binding epitope; PLA -poly(D,L-lactide); PLGA -poly(lactic-co-glycolic acid); UVB -ultraviolet B radiation. ) have been the first-choice drugs in most countries. The paucity of new effective drugs in the market is due to lack of investment/economic interest for the discovery of therapeutic alternatives. The therapeutic regimen consists of intramuscular or intravenous daily injections for 20-30 days. The long period of treatment leads to the accumulation of antimony (Sb) in the tissues, producing myalgia, pancreatitis, pancytopenia, hepatic and cardiotoxicity [41] . Other limiting factors are drug resistance and increased therapeutic failure [42] . In India, its use in VL has been contraindicated due to the appearance of resistant L. donovani strains [43] .
In Sb-refractory cases, injectable pentamidine, amphotericin B or paromomycin are used. Pentamidine acts on the DNA synthesis of the parasite and has similar efficacy to antimonials, but also produces side effects such as hypoglycemia, diabetes, tachycardia, hypotension, nephrotoxicity and pain at the site of administration [44] . Like antimonials, cases of pentamidine resistance have been increasing, compromising their use in many endemic regions [45] .
Amphotericin B is a polyene antibiotic mostly used in VL and in the disfiguring CL form, mucosal leishmaniasis, administered intravenously for 20 days, usually under hospital admission. This is the most efficacious antileishmanial drug, but it produces serious side effects due to its low solubility (nephrotoxicity), and secondary affinity not only for the parasite ergosterol but also for the host cholesterol, causing hypokalemia and cardiotoxicity [5] . Formulations of amphotericin B in lipids have led to a marked improvement in their plasma solubility and bioavailability. Three lipid formulations are commercially available: unilamellar liposomes (Ambisome ® ), lipid complex (Abelcet ® ) and colloidal cholesterol suspension (Amphocil ® ). Among these, Ambisome ® has the highest plasma half-life, lowest toxicity, and highest efficacy against VL and CL models [46, 47] . In some countries, Ambisome ® is already recommended as the first-choice drug for the treatment of VL and ML difficult cases. However, its high cost, the undefined optimum dosing regimen, toxicity, and the greater uptake of liposomes by the liver make its widespread use in the treatment of CL unfeasible [48] .
The interest in the administration of nanosystems by parenteral routes has been increased, mainly for VL, since they increase the drug bioavailability and depending on the charge, size and composition accumulate preferentially in organs such as liver. In addition, nanosystems can be conjugated to biological compounds, such as peptides, antibodies and mannose, favoring their targeting to macrophages [9] . Thus, even with the dose reduction, the encapsulated drugs present greater efficacy and reduction of toxic effects. To date, most experimental studies are conducted parenterally that include chitosan and chondroitin sulfate nanoparticles, Poloxamer 407-micelles, PLGA-DMSA nanoparticles, PADRE-derivatized dendrimer complexed with liposomes, PLA nanoparticles, solid lipid nanoparticles, methacrylate nanoparticles, and liposomes ( Table 1) . Since amphotericin B is currently the most potent antileishmanial agent, most studies have used it in order to improve its specificity and reduce its adverse effects [10-12, 23, 26-28] . Despite the promising effects of nanomedicines obtained so far,
Ambisome
® remains the only nanomedicine approved for leishmaniasis parenteral treatment.
Another interesting strategy in the treatment of CL is the use of inorganic nanoparticles, such as nanoselenium, nanosilver and nanotitanium dioxide. Despite the promising efficacy of injected nanosilver [35] and nanoselenium [33] in CL models, the use of nanosilver by topical route was ineffective [32, 34] , probably due to the lack of nanoparticle permeation through the infected skin, since those particles were directly active against culture parasites. Nanosilver may act directly on the Leishmania parasite by different mechanisms including: (i) increased cell cycle S phase length; (ii) inhibition of trypanothione/trypanothione reductase (TR) redox system; and (iii) cell necrosis [49] .
The experimental parenteral routes are normally intravenous or intraperitoneal, the latter not applicable in clinical usage. An important issue to be considered when nanoparticles are intravenously injected is the possibility of thrombosis induction [50] . However, small and submicrometric they may be, larger aggregates can form and clog small veins [51] . Therefore, for safety reasons, intralesional, topical and oral routes should be preferable for CL treatment.
Oral treatment
The oral route is recommended for both CL and VL due to the ease of administration, high patient compliance, and versatility to increase drug bioavailability. However, systemic adverse effects cannot be precluded.
Miltefosine, a hexadecylphosphocholine previously used to treat cancer, is the only oral drug approved in VL treatment, with good cure rates in India, Nepal, and Bangladesh. However, its teratogenic potential, poor efficacy in patients coinfected with VL and human immunodeficiency virus and recently high rates of clinical failures have increasingly restricted its use in combination therapy [52] . Data on the efficacy of miltefosine in CL treatment are inconclusive, with a large variation depending on the parasite species and geographical area [53] .
Another oral drug, allopurinol, an inhibitor of xanthine oxidase, has been explored since 1982 when its activity was demonstrated in vitro. Despite the promising results in the oral treatment of CL in Asia, it does not appear to be as effective in Latin America [54] . The azoles act directly on the parasite, blocking the synthesis of ergosterol, and have good pharmacokinetic profile. However, clinical studies with fluconazole, ketoconazole, and itraconazole have shown controversial efficacy, suggesting that the effect is species-dependent [55] [56] [57] .The main limiting factor for an oral drug is its low intestinal absorption. Nanosystems can overcome this problem by increasing aqueous solubility and epithelial barrier permeation. In addition, nanosystems can protect drugs from physical, chemical, and biological degradation. In this sense, a few studies have attempted to improve miltefosine and amphothericin B oral efficacy in VL models by encapsulation in nanosystems [58, 59] . For example, PLGA nanoparticles have been used to increase the oral bioavailability of the immunomodulator curcumin and the efficacy of miltefosine in hamsters infected with L. donovani [60] . However, only a few studies in the literature have used different nanosystems to increase drug efficacy in CL. In
L. amazonensis-infected BALB/c mice, nanoassemblies formed by two different complexes
with N-Octanoyl-N-methylglucamide and β-cyclodextrin were used to increase intestinal permeability of a highly water-soluble meglumine antimoniate drug [24, 36] . More recently, quercetin, a poorly water-soluble plant flavonoid with promising antileishmanial activity [61] , was successfully encapsulated in lipid-core poly-e-polycaprolactone (PCL) nanocapsules [25] . Nanoparticle encapsulation increased by more than 40-fold drug oral efficacy in BALB/c mice infected with L. amazonensis. The enhancing effect was possibly due to quercetin protection against extensive gastric and intestinal degradation [62] . Besides, PCL nanocapsules were shown to be absorbed intact by mouse intestinal epithelia [63] and also taken up by M cells [64] . Whether or not absorbed quercetin-loaded particles reach the circulation [65] and Leishmania-infected skin macrophages remained to be determined.
Localized skin therapies
Local therapies are the ideal way to treat uncomplicated CL, as they avoid unnecessary systemic side effects. This topic was subdivided in topical and intralesional treatments due to their different delivery approaches.
Topical treatment
Topical CL treatment may be provided with chemical drugs or physical methods, such as thermotherapy and cryotherapy. Thermotherapy is the application of high temperature (>50°C) at the center and border of each lesion, based on the inability of Leishmania to multiply at temperatures higher than 39°C. Its use has been restricted to the Old World, where 70% efficacy in repeated applications was shown to be similar to intramuscular or intralesional antimony [66] . Presently, thermotherapy is under clinical trial in Colombia in combination with a short course of oral miltefosine [67] . Cryotherapy is the application of liquid nitrogen (−195°C) in the center and border of the lesion once or twice a week for 6 weeks. This treatment has also shown ~70% efficacy [4] . Both therapies are well accepted by the patient, but the difficult access to the specific device (Thermomed), liquid nitrogen, and trained personnel for subjective applications limits their use.
Topical drug treatment of CL normally involves administration of drugs in the form of ointments, creams or gels. These should be ideal for uncomplicated CL due to reduced hospital costs, since it can be auto-applied [44] . The most studied topical formulations are paromomycin creams and gels. The low skin permeation of paromomycin requires association with strong permeants, such as methylbenzethonium chloride, urea and surfactant-associated gentamicin (WR-279396), which may produce local burn and skin irritation [68] . To circumvent that, some formulations have used the milder urea permeant; however, clinical efficacy remains variable depending on the parasite species and geographical area [4] . The results with the WR-279396 formulation are also conflicting, showing high efficacy in patients infected with L. panamensis in Panama [69] , but not in patients infected with L. major in Tunisia [70] .
Recently, DNDi supported a Phase Ib and II clinical study in Colombia evaluating the safety, pharmacokinetics, and efficacy of Anfoleish, a cream formulation containing 3% amphotericin B [71] . However, limited efficacy was found after topical application in patients infected with L. braziliensis and L. panamensis.
For an optimal topical formulation, the drug should be highly effective and have a high permeation through the skin, reaching the parasite in the deep dermal layer in effective concentrations. For the drug to successfully permeate the stratum corneum, it must possess adequate lipophilicity and a molecular size below 500 Da. The failure or partial success of the topical formulations of paromomycin (615 Da) and amphotericin B (924 Da) is directly related to the low permeability of these drugs through the skin, probably due to their high molecular size [72] . In addition, the typical morphology of CL ulcer with necrotic center and high borders influences the permeation of drugs. Although local inflammatory reaction may facilitate the permeation of more hydrophilic drugs [68] , infected macrophages are located in the border of the lesions where epidermal thickening occurs, with hyperplasia and increased number of cell layers, which may hamper drug permeation.
Topical liposomes have emerged as an advantageous way to overlay this problem by increasing drug skin permeation. In fact, some studies have shown the efficacy of liposomes loaded with paromomycin [17, 18] or meglumine antimoniate [19] in L. major-infected BALB/c mice, although even with the use of liposomes only 1.5% of antimoniate and a range of 4.8 to 15% of paromomycin were able to permeate through the skin. The use of liposomes was also shown to increase, the in vitro permeation and activity of amphotericin B in L. braziliensis promastigotes and intracellular amastigotes [73] . Nonetheless, in vivo another amphotericin B liposomal formulation did not show effectiveness in the topical treatment of CL caused by L. mexicana using ulcerated (BALB/c) and non-ulcerated (129SVE) experimental mice models [15] . On the other hand, in two different clinical studies conducted by the same research group in an endemic area for L. tropica and L. major at Ghaem Hospital in Iran, liposomes loading amphotericin B [74] and azithromycin [75] when administrated topically demonstrated the same efficacy as intralesional meglumine antimoniate.
In the search for new active drugs for leishmaniasis, our group has been studying the chalcone CH8 (3-nitro-2'-hydro-4',6'-dimethoxychalcone), a nitrosylated derivative of the plantderived chalcone (DMC -2',6'-dihydroxy-4'-methoxychalcone), which demonstrated a high selectivity index (SI = 143) and antileishmanial activity in vitro (IC 50 = 0.7 μM) and in vivo against L. amazonensis [76] . In addition, the CH8 molecule exhibits physicochemical characteristics favorable to encapsulation with high efficiency in different nanosystems such as liposomes and polymeric particles. Indeed, CH8 loading into cationic liposomes interferes with the lipid structure rendering it more elastic, enhancing formulation permeation through the skin and increasing CH8 topical efficacy in L. amazonensis murine model [16] .
Notwithstanding, the high phospholipid cost and liposomal instability hinder their use for CL. Thus, other nanosystems such as gamma-cyclodextrin have been studied for amphotericin B skin delivery to improve drug solubility and topical efficacy in L. amazonensis-infected golden hamsters [37] . Other interesting nanosystems are solid lipid nanoparticles (SLN), which can improve drug interaction with the stratum corneum facilitating permeation and improving the efficacy of the drug. The better activity of paromomycin entrapped in SLN was already described against L. major and L. tropica intracellular amastigotes [77] . Despite the Leishmaniases as Re-emerging Diseasespromising results found with the different nanosystems, additional in vivo studies are necessary in order to develop an effective topical treatment for CL.
Intralesional treatments
Intralesional drug administration is an alternative local treatment for CL. This is especially appropriate for patients with uncomplicated localized CL-up to four lesions, each no more than 3 cm in diameter, as well as parenteral medication restrictions due to systemic toxicity. Besides the lesser toxicity, local subcutaneous injections can accelerate clinical cure and reduce hospital costs as less injections are needed [4] . Pentavalent antimonials are the most used drugs, showing 68-100% efficacy in different clinical studies, depending on the size of the lesions [78] [79] [80] [81] . Repeated injections are required due to the high solubility that favors rapid absorption into the circulation. Treatment generally consists of 1-5 injections around each lesion per day, twice a week. In addition to the pain inflicted, adverse effects like local hyperpigmentation and anaphylactic shock have been reported [82] .
Amphotericin B has also been tested by intralesional route in Iran in patients refractory to antimony therapy, leading to complete lesion remission in 61% of the cases [83] . Due to the necrotizing effect of deoxycholate surfactant in amphotericin B formulation, the amount injected has to be as low as possible, reducing effectiveness. Thus, despite its high potential in CL, intralesional treatments need improvement, particularly as regards dose number reduction.
Intralesional drug-loaded nanoparticles have appeared as interesting drug delivery systems in CL due to direct drug delivery to the infected macrophages. However, for the formulation to be effective, drug chemistry, nanosystem choice, and treatment schedule must be finely adjusted. Lipid systems such as SLN loaded with paromomycin have been tested intralesionally in L. tropica-infected BALB/c mice and shown increased drug efficacy by 2-fold [22] . On the other hand, in another study comparing the efficacy of liposomal formulations of Glucantime ® , miltefosine and paromomycin in L. major-infected BALB/c mice, only liposomal miltefosine was shown to have therapeutic effect compared with control group [20] . Interestingly, intralesional Ambisome ® was not effective in L. major-infected mice [11] .
Additionally, intralesional Pentostam ® liposomes were only effective if given at the time of infection with L. major or L. mexicana in TFW mice [14] .
In this context, polymeric particles have emerged as an interesting strategy for CL intralesional and single-dose treatment. The advantage of this system is that particles smaller than 6 μM can be easily phagocytosed by infected macrophages releasing the drug directly into the target, whereas the larger microparticles form a depot slowly releasing the drug into the site, allowing at only one dose the drug to remain in the site of infection for the time needed for healing. The size of the microparticles and their polymer composition ensures retention of the drug in the lesion and determines its release time. In this way, adverse systemic effects are avoided and the effectiveness of the drug is increased. Recently, the safety and efficacy of PLGA microparticles containing chalcone CH8 in the intralesional treatment was demonstrated in L. amazonensis-infected BALB/c mice. Even a single subcutaneous injection with CH8-loaded particles was effective in controlling parasite growth, superior than three injections with the free drug or Glucantime ® , demonstrating the promising use of these systems in local and single-dose treatment of CL [31] .
Conclusion
Since nanomedicines can be more efficiently taken up by the infected macrophages than free drugs, and also be designed to cross skin and epithelial barriers, they have emerged as promising strategies to allow novel topical and oral treatments for CL. Noteworthy is the possibility to treat the disease with a single local injection with biodegradable polymeric particles. Despite the promising results obtained with the different nanomedicines in pre-clinical studies, so far none has so far progressed to clinical trials in CL. Therefore, further efforts must be made in order to have them in the near future in the antileishmanial therapy arsenal.
